In order to perform intelligent tasks using a tool, it is necessary to estimate the relation between a robot system and the tasks. However, no estimation method for this relation is currently available. Therefore, this paper proposes an estimation method for this relation by using an external sensor. In this paper, the hybrid control method based on the oblique coordinate system is utilized. Then, this relation can be treated as a task Jacobian matrix. By using the proposed method, it is possible to estimate the correct task Jacobian matrix, even if the kinematic relation between the robot system and the tool is not known or is changed during the task. As a result, the tasks are performed with this tool. From the simulation and the experimental results, the validity of the proposed method was confirmed.
Introduction
In recent years, there are many researches for the several types of robot systems such as the surgical robot (1) (2) , the robotic wheelchair (3) (4) , partner robots (5) (6) , and rehabilitation devices (7) (8) . On the backgrounds of these researches, there is a concern of a labor force shortage which arises from an aging society with fewer children. Therefore, it is desirable to create the labor force by using the robot system.
For the realization of the labor force instead of human beings, it is necessary for the robot system to achieve intelligent and several tasks. In order to realize these tasks, 2 techniques have to be achieved. One is the technique to obtain robust control system against the disturbance. The other is the technique of the hybrid control method to achieve the tasks.
One of methods to achieve the robust control system is acceleration control. Ohnishi et al. proposed the acceleration control system by using the disturbance observer (DOB) (9) . Sabanovic et al. developed the acceleration control system based on the sliding mode (10) (11) . In this research, the disturbance observer proposed by Ohnishi et al. is utilized.
On the other hand, there have been a lot of researches on the hybrid control. The fundamental structure of the hybrid control began to be reported since the 1980s (12) (13) . After that, Khatib proposed the uniformed approach for the position control and the force control with respect to the joint forces (14) . Yoshikawa developed the dynamic hybrid position/force control for the robot manipulators (15) . In these conventional researches, hybrid control methods were implemented on each axis of the coordinate system. By using these methods, the tasks for the industrial robots in the factory are obtained. Therefore, it is difficult to achieve the complicated * School of Engineering, Yokohama National University 79-5, Tokiwadai, Hodogaya,Yokohama, Kanagawa 240-8501, Japan tasks like human motion by using the conventional hybrid control methods. For the realization of the several and complicated tasks like human motion, it is necessary to implement the hybrid control on each task. Morisawa et al. proposed environmental mode and the controller was implemented on each environmental mode. As a result, the biped walking on the rough terrain was realized (16) . Tsuji et al. defined functionality and implement the control methods according to each task (17) . Sakaino et al. proposed the hybrid control method based on the oblique coordinate system (18) (19) . In this method, the dynamic interference between each task was considered. As a result, it is possible to obtain the unified expression of the hybrid control for the several and complicated tasks.
As described above, the hybrid control based on the oblique coordinate system is very useful method. In this method, the relation between the robot system and the tasks is expressed by the task Jacobian matrix. By designing the proper task Jacobian matrix, various tasks such as the bilateral control task and the grasp/manipulation task are achieved (20) . However, there is no estimation method for the task Jacobian matrix. Therefore, this paper proposes the estimation method for the task Jacobian matrix.
There are a lot of researches on the estimation methods for the Jacobian matrix. These researches have estimated the Jacobian matrix between the joint space and the work space by using the visual sensors (21) (22) . On the other hand, Jamone et al. estimated the Jacobian matrix for the humanoid robot with tendon-drive by using the absolute position sensor, motor encoders, and force sensor (tendons tensions) (23) . Kosuge et al. measured the position relation between multiple robots for the handling the object (24) . In this method, the relative distance and the relative orientation between the multiple robots were estimated. As mentioned above, a lot of researches on the estimation method have focused on kinematic relation in c 2014 The Institute of Electrical Engineers of Japan. the robot system. However, there is no research on the estimation method for the relation between the robot system and the tasks. This paper focuses on the estimation method for the relation between the robot system and the tasks. Especially, the tasks using the tool are focused on. In this paper, the hybrid control method based on the oblique coordinate system is utilized. In this control method, it is possible to express the relation between the robot system and the tasks as the task Jacobian matrix. Therefore, the estimation method for the task Jacobian matrix by using the external sensor is proposed. As a result, the tasks using the tool are achieved even if the kinematic relation between the robot system and the tasks is not known or is changed. This paper is organized as follows. In Sect. 2, the hybrid control method based on the oblique coordinate system is explained. In Sect. 3, the estimation method for the task Jacobian matrix is proposed. In Sect. 4 and Sect. 5, simulation and the experimental results are shown to confirm the validity of the proposed method. Finally, this paper is concluded in Sect. 6.
Task Realization Method Based on Tool Coordinate System
This section describes the motion control method for the task realization. Firstly, the hybrid control method based on the oblique coordinate system is detailed (18) (19) . Secondly, the design method for the task Jacobian matrix considering the tool coordinate system is described (25) .
Hybrid Control Method Based on Oblique Coordinate System
In this subsection, the motion control method based on the oblique coordinate system is explained (18) (19) . In this method, the tasks are defined by the motor position and the motor force. The tasks are actualized by the position/force hybrid control. In order to realize the position/force hybrid control, it is necessary to fulfill the condition as shown in (1) .
where X, F and M t are the position task vector, the force task vector and the task mass matrix, respectively. The subscript X and F denote the value related to the position task and the value related to the force task, respectively. X F and F X are not directly treated as the control goals. The superscript re f denotes the reference value. m and l are the number of the position tasks and the number of the force tasks, respectively. The position task vector
T are defined.
where J X (m+l)×(m+l) and J F (m+l)×(m+l) denote the task Jacobian matrices related to the position and the force.
T mean the motor position vector and the motor force vector. 0 i j i× j and 0 i are the zero matrix and the zero vector of i rows, respectively. Then, the desired tasks are expressed as the task Jacobian matrix J t .
The task mass matrix M t is important since this matrix shows the task dynamics. The task mass matrix is calculated from the task Jacobian matrix J t and the motor mass matrix m t .
where m i (i = 1, 2, · · · , m + l) is the motor mass. In order to control the position/force, the position and the force controllers are implemented.
the position feedback gain, the velocity feedback gain and the force feedback gain, respectively. The superscript cmd and res denote the command value and the response value, respectively.
For the realization of the position/force hybrid control, it is necessary to obtain
F is calculated from (9) . On the other hand, the hybrid matrix H is defined to obtain F re f
From (1) and (10), the hybrid matrix H is derived. where I i i×i is the unit matrix. As a result,
T is derived from (8) to (11) .
Finally, the inputs of the motors are calculated as follows.
By using (15) , the accurate position/force hybrid control is actualized and the desired tasks are obtained. Figure 1 shows the block diagram of the motion control method based on the oblique coordinate system. DOB and RFOB mean disturbance observer (9) and reaction force observer (26) . DOB and RFOB are implemented on each motor to achieve the robust control system. By using DOB, acceleration control, which is one of the robust control methods, is achieved. The external force from the environment is estimated by using not force sensors but RFOB. The details of this motion control method are expressed in Refs. (18) (19).
Task Jacobian Matrix Considering Tool Coordinate System
In this subsection, the task realization method considering the tool coordinate system is described (25) . The tool coordinate system is defined on the tool. By utilizing the tool coordinate system, the tasks using the tool are achieved. Figure 2 shows the one example of the target applications assumed in this research. This application is the robot hand and the hummer is utilized as the tool. This robot hand has 3 fingers. The tool motion on the 2-dimensional plane is assumed. In this assumption, there are three kinds of the tool motion; the tool translation along x-axis, the tool translation along y-axis, and the yawing motion. The purpose of this research is that the estimation method for the relation between the robot system and the tasks is established. In order to clarify the effectiveness of the proposed method, the tool motion is limited; the tool translation along x-axis, and the yawing motion. On the other hand, it is necessary to realize the grasping motion to control the tool freely. As a result, there are three tasks; two position tasks and one force task. Therefore, at least three motors are needed (27) . From these consideration, Fig. 3 shows the modeling of the robot system which consists of three linear motors and the tool. Each linear motor is utilized as each finger of the robot hand. The origin of the tool coordinate system exists on the center point of the tool. The linear motor moves along x-axis. Therefore, the tool is also moved along x-axis and rotated around the origin on Σ tool . Figure 3 shows the relation between the robot system and the tool after the tool movement.
, and ( tool x 3 , tool y 3 ) mean the position of each motor.
The tool rotation tool θ is obtained from the position of the linear motor 2 and that of linear motor 3.
In this research, it is assumed tool y i (i = 1, 2, 3) has constant value. From this assumption, slipping between each motor and the tool along y-axis arises during the tool rotation.
The tool translation along x-axis tool x is derived as follows.
From (16) and (17), the position tasks using the tool are expressed.
where X 1 and X 2 mean the tool translation task and the tool rotation task. For the realization of the grasping motion, it is necessary to achieve the law of action and reaction between the linear motor 1 force tool f 1 , and sum of the linear motor 2 force tool f 2 and the linear motor 3 force tool f 3 . Therefore, the force task to realize the grasping motion is expressed as follows.
where F 3 is the grasping task. As a result, the task Jacobian matrix is obtained from (18) and (19) .
In (20), the task Jacobian matrix is calculated from the relation between the robot system and the tasks using the tool. By using this task Jacobian matrix, the robot motion based on the tool coordinate system is realized. The details of this design method are expressed in Ref. (25) .
Proposed Method
As described in Sect. 2, it is possible to realize the tasks using the tool. In this section, the estimation method for the task Jacobian matrix by using the external sensor is proposed. In the next subsection, Levenberg-Marquardt (LM) method is explained for the parameter estimation. After that, the visionbased estimation method for the task Jacobian matrix and the whole control system are proposed.
Levenberg-Marquardt Method
LM method is one of the non-linear least-squares methods. This research utilizes the LM method for the estimation for the task Jacobian matrix, since LM method is used frequently for the parameter estimation on multidimensional non-linear functions. On the other hand, there are many methods for the parameter estimation. It is possible to apply other estimation methods instead of LM method.
In LM method, the estimated parameters q are defined as follows.
where n is the number of the estimated parameters. The evaluation function F is also defined as sum of several functions F p (q).
where P and N mean the number of F p (q) and the number of the sampling data. By using LM method, the parameters to minimize the evaluation function F are obtained. The regression calculations of LM method are expressed as follows.
where k and c (k) represent the number of the regression calculations and the weighting factor. In (23) , H (k) and ∇F (k) are calculated as follows.
where D H (k) represents a matrix which contains only diagonal elements of H (k) as (26) .
From (24) to (26), it is assumed that i = 1, 2, · · · , n. In (24),
is approximated by (27) . Figure 4 shows the flowchart of LM method. By using LM method, the parameters are estimated. If the estimation by using LM method is failed, the regression calculations do not finish. In order to solve this problem, the maximum number of the regression calculations K max is set. LM method is expressed from Step 1 to Step 7 as follows.
Step 1 The coefficient of the weighting factor c (k) the estimated parameters q (k) and the evaluation function F (k) are initialized (k = 0).
Step 2 q (k+1) is calculated by using (23).
Step 3 The evaluation function after the regression calculations is obtained from (22).
Step 4 According to the relation between F (k) and F (k+1) , the following processing is implemented. i) In the case of
where α is correction coefficients for the weighting factor and the value of α is set to more than 1. After that, go to Step 6. ii) In the case of
Step 5 According to the value of Δq (k) , the following processing is implemented. i) In the case of |Δq (k) | < δ, LM method is succeeded and go to End. δ means the minute value. ii) In the other case, go to Step 6.
Step 6 k is updated. If the number of k is smaller than the maximum number of the regression calculations K max , go to Step 2. In the other case, go to Step 7.
Step 7 q (k) is modified before the regression calculations, since LM method is failed. 
Estimation Method for Task Jacobian Matrix
In this subsection, the estimation method for the task Jacobian matrix is proposed. By using the proposed method, the correct task Jacobian matrix is estimated.
The assumptions are defined as follows.
• The tool translation and the tool rotation are measured by the external sensor.
• The tool has the rigid body.
• The robot system consists of more than three linear motors.
• The robot system grasps the tool. In the proposed method, the task Jacobian matrix is estimated during the grasping motion and the manipulating motion. In this paper, a visual sensor is utilized as one of the external sensors.
Considering the n-DOF robot, the task Jacobian matrix related to the position J X n×n is expressed as follows.
where J i j is the task Jacobian matrix element of i row j column. In (31), the elements of the first row mean the tool translation and these of the second row represent the tool rotation. The elements of more than the third row describes the task related to the force since it is assumed that the tool is the rigid body. Therefore, all values of these rows are always equal to 0. In this proposed method, the first row and the second row in J X is focused on. From this point of view, J X is treated as the matrix which consists of 2 row n column in the later discussion. In order to estimate the elements in (31), estimated parameters of LM method q are defined.
The evaluation function is also defined.
where X vis 1 and X vis 2 mean the tool translation and the tool rotation which are measured by the visual sensor.
T are position information measured by encoders. If there is no error of the task Jacobian matrix related to the position, F 1 and F 2 are equal to 0.
The elements of the task Jacobian matrix are estimated by using (32)-(34) and LM method. As a result, the correct task Jacobian matrix is obtained. In addition, the tasks using the tool are achieved. Figure 5 shows the flowchart of the proposed method. The proposed control system is expressed from Step 1 to Step 5.
Whole Control System
Step 1 It is confirmed that whether visual information is updated or not. i) In the case of no update, go to Step 4. ii) In the case of the update, go to Step 2.
Step 2 The evaluation function in (33) is calculated. According to the value of F, the following processing is implemented. F th means the threshold of the evaluation function. i) In the case of F ≥ F th , go to Step 3.
ii) In the case of F < F th , go to Step 4. Step 3 LM method is conducted to estimate the correct task Jacobian matrix.
Step 4 The robot motion using the tool is continued.
Step 5 If the all robot motion finishes, go to End.
In the other case, go to Step 1. Figure 6 shows the block diagram with the proposed method. The task Jacobian matrix related to the position J X is estimated by using both visual information and the motor position. In addition, even if the kinematic relation between the robot system and the tool are changed during the task, the task Jacobian matrix is also modified. This is because the proposed control system checks the evaluation function periodically.
Simulation
This section shows the simulation results to confirm the validity of the proposed method. 
Simulation Setup
In this simulation, three linear motors and one tool are utilized as shown in Fig. 3 . This simulation does not consider the dynamics but the statics. It is assumed that the tool translation and the tool rotation can be measured. Table 1 shows the control parameters. Table 2 shows the parameters of LM method. The commands are given as step functions. Table 3 shows the position of each linear motor along yaxis on Σ tool . From Table 3 , the initial Jacobian matrix related to the position J ini X which is used for motion control is calculated.
On the other hand, the actual Jacobian matrix related to the position J act X is derived from (18) . As shown in Table 3 , the position of each linear motor is changed. 
Simulation Results
Figure 7(a) and Fig. 7 (b) show the simulation results without/with the proposed method. The dash line in Fig. 7 means the position task command. Figure 8(a) means the number of the regression calculations and Fig. 8(b) represents the evaluation function of LM method.
In Fig. 7(a) , the position task response tracks the position task command. From this result, the hybrid position/force Initial parameters for LM method 0.0
0.03 0.12 −0.12 (t > 3) −0.02 0.12 −0.10 control is actualized. However, there is the error between the position task response and visual information because of the incorrect task Jacobian matrix. As a result, the desired robot motion using the tool is not actualized. In Fig. 7(b) , the difference between the position task response and visual information is almost equal to 0. From this fact, the correct task Jacobian matrix is estimated. In addition, the task Jacobian matrix is changed in the case of t > 3.0. From the simulation results, the vision-based estimation method is succeeded.
In Fig. 8(a) , the number of the regression calculations is smaller than 5. In Fig. 8(b) , the value of the evaluation function is improved by using the proposed method. From these results, the correct task Jacobian matrix is estimated. As a result, the validity of the proposed method is confirmed from the simulation results.
Experiments
This section shows the experimental results to confirm the validity of the proposed method. Figure 9 (a) shows the experimental setup. There are two PCs to control the three linear motors and the web camera. Figure 9(b) and Fig. 9(c) show the system configuration and the web camera which is used. The web camera (CMS-V22SETSV is manufactured by SANWA SUPPLY INC.) is used as the visual sensor. In order to measure the tool translation and the tool rotation, the web camera was placed above the motors. Three linear motors and the web camera are controlled by PC 1 and PC 2, respectively. By using UDP, visual information is send from PC 2 to PC 1. Table 4 and Table 5 show the control parameters and the parameters of LM method. The commands are given according to time t.
Experiment Setup
The sampling time of the visual sensor is set to about 0.1s. The real-time control of PC 2 is not actualized, since the web camera is controlled by PC 2 (Windows) and the visual data is transmitted by UDP.
Visual Sensor
This subsection details the visual sensor and its control method. Table 6 shows the specification of this web camera. Figure 10 shows the image plane of the visual sensor. OpenCV 2.1 is employed and the red color is applied to feature points. The red line is attached on the tool as shown in Fig. 10(a) . In order to measure the tool position and the In order to analyze the accuracy of this camera, the simple experiment is conducted. In this experiment, the object is fixed. Then the tool translation and the tool rotation are measured about 25 seconds. Figure 11 shows the experimental results. From Fig. 11 , the measurement data are oscillated, though the tool does not move. Table 7 shows the average error e and the standard deviation σ calculated from this experimental results. From Table 7 , the accuracy of this camera is low. However, it is easy to get this web camera since the price is low. In other words, this camera has a merit from the viewpoint of the cost. In addition, the command values of the translation and the rotation as shown in (39) and (40) are larger than the sum of e and 3σ. Therefore, the tool movement can be measured by this camera. Figure 12 shows the force response without/with the proposed method. In Fig. 12 , there is small error between the force command and the force response. These facts show the stable grasping motion is actu- alized in the both cases. Figure 13 (a) shows the experimental results without the proposed method. The dash line in Fig. 13 means the position task command. From Fig. 13(a) , the error between the command value and the response value is almost equal to 0. However, there is the error between the position task response calculated form encoders and that measured by the visual sensor. This fact shows there is the error of the task Jacobian matrix.
Experimental Results
On the other hand, Fig. 13(b) shows the experimental results with the proposed method. From Fig. 13(b) , the error between the position task command and the position task response is almost equal to 0. In addition, error between the position task responses calculated form encoders and that measured by the visual sensor is almost equal to 0. In other words, the error of the task Jacobian matrix becomes 0 by using the proposed method. Comparing with the results of conventional method and the proposed method, the validity of the proposed method is confirmed. Fig. 14(b) show the number of the regression calculations and the evaluation function. In Fig. 14(a) , LM method is conducted three times. The numbers of the regression calculations in first and second LM method are equal to 30. These facts mean LM method is failed. On the other hand, the number of the regression calculations in third LM method is equal to 10. From this fact, LM method succeeds and the correct task Jacobian matrix is estimated. After the success of the estimation, the value of the evaluation function is improved as shown in Fig. 14(b) . From these experimental results, the validity of the proposed method is confirmed.
Conclusions
This paper proposed the estimation method for the relation between the robot system and the tasks using the tool. By using the proposed method, it is possible to estimate the accurate task Jacobian matrix. In addition, even if the relation between the robot system and the tool is not known or is changed during the task, the task Jacobian matrix is modified.
In the simulation and the experiments, the task Jacobian matrix was estimated by using visual information. The accurate robotics motion using the tool was achieved, since the error of the task Jacobian matrix was canceled. From the simulation and the experimental results, the validity of the proposed method was confirmed.
This paper focuses on the simple tasks to clarify the effectiveness of the proposed method. However, it is important to generalize the proposed method for the realization of the complicated tasks. In addition, it is also valuable to apply the proposed method to the robots with multiple degrees of freedom. In order to achieve these, the hybrid control method based on the oblique coordinate system has to be expanded firstly. Therefore, the generalization and the expansion of the proposed method are treated as the future work. On the other hand, 3 linear motors are utilized in this research. When more than 4 linear motors are used, there is redundancy in the case of the limited tool motion of this research. It is necessary to make effective use of this redundancy for the realization of the flexible tool motion. Therefore, the method to use this redundancy is also treated as the future work. 
